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The measurement of coronary vascular reserve by the
reactive hyperemic response to ischemia has been ad-
vocated as a practical method of assessing the physiologic
significance of coronary stenoses. Because the concept
of measuring coronary blood flow during maximal vaso-
dilation assumes a normal arteriolar network and viable
myocardium, the presence of previous myocardial in-
farction may cause a significant decrease in the coronary
reserve unrelated to the severity of a coronary stenosis
itself. To determine the potential importance of this ef-
fect, rest and hyperemic coronary blood flow were mea-
sured in 14 dogs in the regions subtended by the left
anterior descending and left circumflex coronary arter-
ies. One hour occlusion of the left anterior descending
artery followed by reperfusion was performed in 10 dogs;
the 4 remaining dogs in which no occlusion was per-
formed served as control animals (group 3).
One week later, rest and hyperemic blood flow mea-
The reactive hyperemic response to ischemia is a generally
accepted estimate of maximal blood flow through a coronary
artery, and has been used frequently as a measurement of
coronary vascular reserve (1-5). The physiologic principle
underlying this concept is that the maximal coronary flow
at any perfusion pressure is related to the total cross-sec-
tional area of the coronary arterioles, because they provide
the main resistance to myocardial flow (6). The presence
of a coronary stenosis alters this hyperemic response by
causing arteriolar dilation in proportion to the hemodynamic
severity of the stenosis (7). Thus, the resulting decrement
in the hyperemic response can be used to quantitate the
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surements were repeated in all 14 dogs. Of the 10 dogs
undergoing left anterior descending artery occlusion, 5
had a large infarct (group 1) and 5 had a small infarct
(group 2). In group 1 in the 1 week study, both the
coronary reserve in the left anterior descending artery
zone and the ratio of the coronary reserve in this zone
and the left circumflex artery zone decreased compared
with values before occlusion (from 425 ± 134 to 150 ±
34% and from 1.56 ± 0.40 to 0.68 ± 0.31, respectively;
both p = 0.007). These values were also less compared
with either group 2 or group 3 at 1 week (364 ± 155%
and 1.84 ± 0.86, respectively, in group 2 and 318 ±
75% and 1.17 ± 0.11, respectively, in group 3; both
p = 0.02). Thus, a large infarcted region will result in
a decreased coronary vascular reserve despite a widely
patent epicardial coronary artery.
(J Am Coli CardioI1986;8:357-63)
obstruction to flow due to the stenosis, Gould et al. (7)
described the relation between the angiographically defined
percent luminal diameter narrowing of a stenosis and the
flow response to hyperemic stimuli. Recently, the hyper-
emic response to ischemia has been used to evaluate the
significance of coronary stenoses in patients under general
anesthesia (8,9). The use of coronary vascular reserve mea-
surements has also been expanded to the catheterization
laboratory and has been advocated as a clinical tool in as-
sessing the severity of coronary stenoses (10).
Because the concept of measuring coronary blood flow
during maximal vasodilation assumes a normal arteriolar
network and viable myocardium, the presence of previous
myocardial infarction may affect the hyperemic response to
ischemia and cause a significant decrease in the coronary
vascular reserve unrelated to the severity of a coronary ste-
nosis itself. If true, the significance of an epicardial coronary
arterial stenosis would be systematically overestimated if
measurements of the coronary reserve alone were used to
0735-1097/86/$3.50
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Figure 1. Schematicdiagram illustrating the method used to sec-
tion the left ventricle. After atrial tissue. the aorta. pulmonary
artery and right ventricle were removed. the remaining left ven-
tricle was washed with water to remove blood. The ventricle was
then sectioned into five transverse rings. with the border between
the first and second sections being placed at the site of the left
anterior descending artery occlusion. Fibrotic and hemorrhagic
changes were noted. and representative sections from the left an-
terior descending (LAD) and left circumfl ex (LeX ) artery regions
were sent for pathologic confirmation as outlined in the text.
of circumferential and transmural depth of the infarcted
areas was made and confirmed by histologic analysis of
representative sections with hematoxylin-eosin stain . An
experienced cardiac pathologist who was unaware of the
protocol estimated the extent and depth of infarction from
the histologic sections; final grouping was determined on
this basis . Standard histologic criteria for infarction at 7
days were used to define the presence of infarction in this
study ( 13).
Data recording and analysis. All hemodynamic and
coronary bood flow data were obtained on an Electronics
for Medicine VR-16 recorder. Systolic and diastolic blood
pressures were measured through fluid-filled catheters and
monitored with a strain gauge (Statham P23DB) . Mean epi-
cardial coronary blood flow was measured through the re-
cordings of the electromagnetic flow probe s as previously
described ( 11. 12) . Zero flow value s were those obtained
during the 20 seconds of coronary occlusion . Coronary vas-
cular reserve was calculated as the peak mean hyperemic
flow/mean flow X 100 just before the 20 second occlusion.
The coronary reserve ratio was defined as the coronary re-
serve in the region subtended by the left anterior descending









assess lesion severity. Thus . this study was designed to
determine the influence of a I week old myocardial infarc-
tion on measurements of regional hyperemic coronary flow
and coronary vascular reserve .
Experimental preparation. Fourteen dogs weighing 25
to 35 kg were anesthetized with pentobarbital , 30 mg/kg
body weight intravenously. and ventilated with a Harvard
respirator. Arterial blood gases were monitored and partial
pressure of oxygen was maintained between 85 and 100 mm
Hg and pH between 7.35 and 7.45. Catheters (7F) were
passed through the right femoral artery and advanced to the
thoracic aorta for arterial pressure monitoring and into a
femoral vein for intravenous infusion . One electrocardio-
graphic surface lead was also monitored to assess heart rate .
Under sterile conditions, a thoracotomy was performed in
the fifth left intercostal space and the heart was supported
in a pericardial cradle.
Proximal segments of the left anterior descending artery
and of the left circumflex artery were isolated and approx-
imately I em of each of these arteries was dissected free of
the underl ying myocardium . The left anterior descending
artery was isolated before the first large diagonal branch
and the left circumflex artery was isolated before the first
large marginal branch. An electromagnetic flow probe and
a sliding string occluder were positioned around the vessel s.
Coronary blood flow was measured both as phasic and as
mean flow with 1.5 to 2.5 mm internal diameter electro-
magnetic flow probes (Biotronex) as previously described
(11,12).
Experimental protocol. After a stabilization period of
at least 10 minutes, blood pressure , heart rate and coronary
blood flow were measured. During continuous recording,
the left anterior descending artery was then completely oc-
cluded for 20 seconds followed by reperfusion. Subse-
quently , the left circumflex artery was subjected to occlusion
and release in the same manner during continuous recording.
In 10 dogs , the left anterior descending artery was then
occluded completely for I hour; the remaining 4 dogs served
as control animals. At the end of the hour, the left anterior
descending occlusion was then removed and the thoracot-
omy was closed in layers using sterile surgical techniques .
Seven days later, the dog was brought back to the lab-
oratory . and thoracotomy was performed as before. At this
time , rest and hyperemic blood flows , as well as hemody-
namic variables, were measured again at the precise location
isolated previously . All dogs were killed with intracoronary
potassium; the heart was then removed and the left ventricle
was dissected and cut into five transverse circumferential
sections. The border between the first and second sections
was placed just at the site of the I hour occlusion of the
left anterior descending artery (Fig . I) . Visual inspection
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Group I: large infarct (n = 5 )
Group 2: small infarct (n = 5)
Gro ss Descr iption
Deepe st
No . of Slice s Tran smur al Widest Perimeter Deepest Histologic
With Infarct Extent in Any Sl ice Dept h
3 75% I'I
4 I()()% > ~ I()()%,
3 90% I 80%,
4 100% I 95%'I
3 67% 50%
2 Foci up to 50% Foci up to t Multiple microscopic
foci up to ~
transmural
0 0 0 3 Sma ll microscopic
foci, essentially
noninfarcted
25% 10% < 10%
< 10% < 10% <10%
< 10% < 10% < 10%
Of the 10 dogs that underwent J hour of left anterior
descending artery occlusion. 5 were found to have a large
myocardial infarct, defined as at least one-half transmural
depth for at least one-third of the left ventricular circum-
ference in at least two section s in the territory supplied by
the left anterior descending artery . In three of these five
dogs the infarct was essentially transmural for a portion of
three circumferential sections. The other five dogs had only
focal areas of infarction comprising less than 10% of the
total examined region. For purposes of data analysis (Table
I). group I is defined as those five dogs in which a large
infarct occurred as the result of I hour of left anterior de-
scending artery occlusion and group 2 as those five dogs in
which only a very small infarct occurred. Grou p 3 consists
of the four control dogs in which left anterior descending
artery ligation was not performed .
Statistical analysis. All data are expressed at mean ±
SO. Differences were analyzed for significance by one- or
two-way analysis of variance . randomized block design ,
where appropriate. Only if the analysis of variance revealed
statistical significance for a group of variables were paired
or unpaired t tests applied to confirm statistical significance
for each individual variable. All probability (p) values pre-
sented are those calculated from the results of the t tests.
When the Bonferroni correction is applied , hemodynamic
variables are considered statistically significant at the p =
0.02 level, although values up to p = 0.05 are noted.
Results
Hemodynamic measurements . Mean heart rate and blood
pressure before the I hour left anterior desce nding artery
occlusion in the control state and I week after occlusion are
tabulated in Table 2. There were no significant differences
between groups in any variable before occlusion. Similarly ,
there were no statistically significant differences in any mea-
Table 2. Hemod ynamic Measurements in the Three Study Groups













Group I (n = 5)
Mean 139 III 154 117 88 143
SO 21 14 14 12 9 26
Group 2 (n = 5)
Mean 126 103 167 128 102 168
SO 13 12 14 10 13 12
Group 3 (n = 4)
Mean 112 94 176 106 86 173
SO 31 31 25 19 15 28
BPJ = diastolic blood pressure; BP. = systolic blood pressure ; HR = heart rate; LAD = left anterior
descending coronary artery.
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sured hemodynamic variable in the I week study, either
between groups or as compared with values before occlu-
sion. However, there was a trend in group I (large infarct)
for systolic and diastolic blood pressures to be less in the
I week study as compared with before occlusion. There was
also a similar but much smaller trend in group 3 (control
group).
Blood flow data (Table 3). In all 14 dogs, regardless
of eventual grouping, hyperemic blood flow was higher than
flow at rest in both regions before occlusion at a minimal
level of p < 0.01. However, in the group I (large infarct)
dogs in the left anterior descending artery region, the in-
crease in blood flow that occurred during hyperemia at I
week after infarction was small (from 34 ± 12 to 50 ± 21
mllmin; p = 0.05). In comparison, despite similar flows at
rest, the hyperemic response found in these five dogs before
occlusion was 129 ± 39 mllmin (p = 0.02 compared with
the I week study). In groups 2 (small infarct) and 3 (control
group) there was no significant change in the hyperemic
response in the I week study as compared with before oc-
clusion.
All three groups of dogs tended to have lower hyperemic
responses in the left circumflex artery region in the I week
study as compared with before left anterior descending ar-
tery occlusion. This decrease in hyperemic response in the
nonischemic zone was statistically significant (p = 0.05)
in group 2 only. The hyperemic response in the left anterior
descending artery zone also tended to be lower in this group
after I week, but this difference did not reach statistical
significance.
Calculated coronary vascular reserve data (Fig. 2).
Before left anterior descending artery occlusion, there was
no significant difference among groups in the coronary re-
serve in either vascular region. However, at I week after
infarction, the dogs in group I showed a decrease in coro-
nary vascular reserve in the left anterior descending artery
region as compared with values before occlusion (from 425
± 134 to ISO ± 34%; p = 0.007). Furthermore, the coro-
nary reserve in the left anterior descending artery region
was larger in both groups 2 and 3 than in group I in the I
week study (364 ± ISS and 318 ± 75 versus ISO ± 34%;
both p = 0.02).
Coronary reserve ratio (Fig. 3). Although the coronary
reserve ratio was similar in all three groups before left an-
terior descending artery occlusion, this ratio was signifi-
cantly decreased (1.56 ± 0.40 versus 0.68 ± 0.31; p =
0.007) in the I week study in the group I dogs (Fig. 3). In
addition, the coronary reserve ratio in both groups 2 and
3 was higher than that in group I (0.68 ± 0.31 versus
1.84 ± 0.86 and 1.17 ± 0.11; both P = 0.02) in the I
week study. Importantly, although the coronary reserve in
both vascular zones in the I week study in both group 2
and group 3 tended to be lower than before occlusion, the
coronary reserve ratio was unchanged (group 2, 1.47 ±
0.53 versus 1.84 ± 0.86; group 3, 0.91 ± 0.25 versus
1.17 ± 0.11).
Discussion
Factors influencing coronary vascular reserve mea-
surements. The increment in coronary blood flow produced
by a stimulus producing maximal coronary vasodilation has
been termed the coronary vascular reserve. Myocardial isch-
emia is a strong stimulus for coronary vasodilation and has
been used extensively for estimating maximal coronary blood
flow, measured as the reactive hyperemic response (1-8).
Many of the physiologic factors influencing the measure-
ment of coronary reserve have been extensively studied.
Table 3. Blood Flow Data
Before LAD Occlusion I Week Study
LAD LCx LAD LCx
Rest Hyper Rest Hyper Rest Hyper Rest Hyper
Group 1
Mean 33 129* 61 148 34 50H 40 95
SO 13 39 51 89 12 21 24 55
Group 2
Mean 27 124 59 187 31 108 55 1m
SO 10 44 23 20 12 52 13 39
Group 3
Mean 35 132 40 183 32 97 48 138
SO 19 64 20 87 17 36 16 63
*p = 0.003 (LAD hyper versus rest before LAD occlusion); tp = 0.02 (LAD hyper I week study versus
LAD hyper before LAD occlusion); +p = 0.05 (LAD hyper I week study versus LAD rest I week study);
§p = 0.05 (LCx hyper I week study versus LCx hyper before occlusion). Hyper = after 20 second occlusion
(hyperemic flow); LAD = left anterior descending artery zone; LCx = left circumflex artery zone; Rest
control flow. All flows expressed in milliliters per minute.
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LAD Zone Before LAD Liga t ion One Week St ud y
Before LAD Ligation One W eek St udy 3.0
600
500 2.5
Figure 2. Bar graphs summarizing the observed changes in the
coronary vascular reserve (CVR) and derived from the blood flow
data presented in Table 2. The only statistically significant change
in coronary reserve occurred in group I (large infarct) in the left
anterior descending artery zone as noted , *p = 0,007 versus group
1, before ligation; p = 0,02 versus groups 2 and 3, 1 week study.
Other abbreviations as in Figure 1,
Changes in heart rate (14), left ventricular contractility (15)
and preload (16) will cause differences in the measured flows
during maximal coronary vasodilation. Perfusion pressure
also has a substantial effect on coronary flow during max-
imal vasodilation (6,16).
Less well characterized than these physiologic factors is
the effect that changes in vascular density in the subserved
















Figure 3. Changes observed in the coronary reserve ratio. Only
group I (large infarct) exhibited a statistically significant change
as noted. *p = 0 ,007 versus before ligation; p = 0.02 versus
groups 2 and 3, 1 week study. Abbreviation as in Figure I.
dog models of left ventricular hypertrophy due to chronic
pressure overload, the coronary reserve is less than normal ,
presumably because the total cross-sectional area of the
coronary resistance vessel s does not increase (17-20) . This
finding has been confirmed in patients with aortic stenosis
(21,22), hypertension-induced hypertrophy (23) and hyper -
trophic cardiomyopathy (24). A reduced dilatory capacity
has also been found in patients with dilated cardiomyopathy
(25), presumably due to an actual decrease in resistive ves-
sels caused by replacement with diffuse fibrosis.
In the setting of coronary artery disease , there are several
potential factors that would explain a less than normal coro-
nary flow response to maxim al vasodilation. Cobb et al.
(26,27) showed that acutely ischemic myocardium exhibits
decreased coronary vascular react ivity , A quantitative re-
lation was found between the amount of reduction in coro-
nary reserve and the ultimate extent of infarction as deter-
mined histologically . The se authors hypothesized that this
effect was due both to acute myocardial cellular injury and
local swelling and to the inability to synthesize vasoactive
compounds that link coronary flow responses to myocardial
oxygen and other metabolic demands. Data presented by
Schaper (28) would support the hypothesis that the damage
to vascular tissue caused by infarction plays a prominent
role in this effect, perhaps as the result of diminished local
vasodilator production. Furthermore, the extent of eventual
2 3
Ona W eek Study
Lex Zone
2 3
Before LAD ligation :
I
Group:












362 KLEIN ET AL.
CORONARY RESERVE AND PREVIOUS INFARCTION
lACC Vol. 8. No.2
August 1986:357-63
myocardial necrosis was found to be directly proportional
to the acute alterations in vascular reactivity. However, there
have been no previous attempts to relate chronic (1 week
or older) changes in vascular reactivity with the ultimate
infarct size.
Findings in the present study. The presence of a I
week old myocardial infarction resulted in a markedly de-
creased hyperemic response to ischemia, and a reduction of
nearly 300% (from 425 to 150%) in the calculated coronary
vascular reserve. Although a precise histopathologic expla-
nation for this finding can not be determined from this study,
it may be postulated that a combination of local edema,
necrosis of myocardial cells and vascular tissue, the begin-
ning of fibrotic changes and the potential development of
collateral vessels probably playa major role.
Because it was possible that the coronary reserve in the
myocardial region subtended by the left anterior descending
artery could be lower because of changes in coronary vas-
cular reactivity between studies, this study was designed so
that the left circumflex artery zone could be used as an
internal control. Any potentially confounding factors in this
regard, for example, changes in hormonal status, autonomic
tone or loading conditions, would affect vascular reactivity
in both regions; thus, we corrected for these factors by using
the coronary reserve ratio.
Clinical implications. The fact that the presence of a
previous infarction results in a decreased coronary vascular
reserve in the distribution of a widely patent epicardial vessel
implies that clinically, in the presence of a severe stenosis,
this effect may be even more pronounced because peak
hyperemic blood flow would be restricted by the stenosis.
Some investigators (8,9) excluded patients with known wall
motion abnormalities or evidence of a prior infarct from
their studies, but until now no justification for this procedure
existed. Other clinical studies (10) have not excluded such
patients. Whether an infarct limited entirely to the suben-
docardial layers would have as profound an effect as that
observed in these transmural infarcts is speculative.
Limitations of the study. The use of electromagnetic
flow probes is subject to the problems of reproducibility.
Artifacts due to twisting of the vessel during occlusion can-
not be ruled out; however, all efforts were made to assure
that this was not the case. In addition, the arbitrary as-
sumption that a 20 second occlusion and measurement of
the hyperemic response as a measure of maximal coronary
vasodilatory flow can be criticized. The choice of using the
response to 20 seconds of coronary occlusion has substantial
precedent (2,9,29), but it should be kept in mind that ab-
solute maximal vasodilation may not have been produced.
However, the 20 second occlusion period was used con-
sistently throughout the course of the study. Finally, no
attempt to quantitate infarct size was made. The qualitative
assessment of the size of the infarct and subsequent grouping
were based on the analysis of an experienced cardiac pa-
thologist who had no knowledge of the hemodynamic data.
There was no overlap and, actually, considerable and ob-
vious qualitative differences were seen between the sizes of
infarcts in groups I and 2.
Conclusions. The results of this study strongly suggest
that before measurements of coronary reserve are routinely
applied to clinical situations, a thorough assessment of the
practical limitations should be considered. Although theo-
retically there is much merit in utilizing the concept of
maximal vasodilation to answer clinical questions, all fac-
tors affecting coronary reactivity must be taken into account
when using and interpreting this measurement. When using
measurements of the coronary vascular reserve in formu-
lating patient management decisions, care should be taken
not to include zones with scars due to a previous myocardial
infarction.
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